Lubrication plays a crucial role in reducing friction for transporting heavy objects, from moving a 60-ton statue in ancient Egypt to relocating a 15,000-ton building in modern society. Although in China spoked wheels appeared ca. 1500 B.C., in the 15th and 16th centuries sliding sledges were still used in transporting huge stones to the Forbidden City in Beijing. We show that an ice lubrication technique of water-lubricated wood-on-ice sliding was used instead of the common ancient approaches, such as wood-onwood sliding or the use of log rollers. The technique took full advantage of the natural properties of ice, such as sufficient hardness, flatness, and low friction with a water film. This ice-assisted movement is more efficient for such heavy-load and low-speed transportation necessary for the stones of the Forbidden City. The transportation of the huge stones provides an early example of ice lubrication and complements current studies of the highspeed regime relevant to competitive ice sports.
T ransporting heavy objects has a history of thousands of years, from moving enormous statues weighing tens of tons in early civilizations (1) to relocating entire buildings, more than 15,000 tons, in modern societies (2) . Lubrication plays a crucial role in reducing friction to make such transport possible. In the early history of lubrication, there are two well-documented milestones of the transport of heavy stones (1): (i) lubricant was used for wood-on-wood sliding at Saqqara Egypt ca. 2400 B.C. and (ii) the aid of log rollers was used at Kouyunjik Assyria ca. 700 B.C.; rolling is usually considered a superior system over sliding for the ancient cases (1, 3) . Although in China spoked wheels appeared ca. 1500 B.C. (1, 3) , we noticed that in the 15th and 16th centuries sliding sledges were still used in transporting huge stones (over 100 tons) to the Forbidden City in Beijing (4, 5) .
The Forbidden City is a unique historical symbol of China (4, 6); it not only represented the supreme imperial power of the Ming and Qing Dynasties for about 500 y until 1911, but it also provides enormous and valuable information of the history and culture of China during the 15th-19th centuries. Massive numbers of large stones were mined and transported to the Forbidden City (Fig. 1A and SI Materials and Methods) for its construction in the 15th and 16th centuries, including the Large Stone Carving, which weighs more than 300 tons ( Fig. 1B and SI Materials and Methods). It is briefly mentioned in some books that the Large Stone Carving was transported to the site in deep winter with sledges sliding on an artificial ice path (4, 5) , although to the best of our knowledge this transport has never been investigated in detail or from a scientific point of view. We have not been able to locate any historical record about the transportation details of the Large Stone Carving. However, we learned by translating a 500-y-old Chinese document (7) , which recorded similar information (although apparently different in detail from statements made in books; a translation is given in SI Materials and Methods), that in 1557 a large stone with the dimensions of 9.6 × 3.2 × 1.6 m (∼123 tons) was transported over 70 km in 28 d to the Forbidden City with a sliding sledge hauled by a team of men. A map published in 1573-1620 (8) shows the approximate path of transport from the quarry to the Forbidden City (Fig. 1C) .
However, this transport of such a large stone is in contrast with the common understanding of the history of mechanical engineering, which is that "the haulage of colossal statues by masses of men does not appear in any kind of ancient Chinese representation" (1, 3) because there were large vehicles with "elegantly constructed spoked wheels" by ca. fourth century B.C. in China (1, 3) . Consequently, we became curious about three questions: (i) Why was a sliding sledge still used when large wheeled vehicles had been well developed in China for about 2,000 years? (ii) Was it a good choice to transport huge stones with a sledge sliding on an artificial ice path compared with other lubrication methods? (iii) What were the special features of the ice lubrication technique used in Beijing (latitude 40°N)? Here we investigate the transportation method from the standpoint of engineering, based on the limited information from the modern literature (4, 5) and the historical document (7) and demonstrate that an ice lubrication technique of water-lubricated wood-on-ice sliding was likely applied in transportation by the ancient Chinese, with recognition of the reliability of sliding over rolling in such heavy-load and low-speed conditions.
Sliding or Rolling?
Actually, both sliding sledges and wheeled vehicles were used to transport heavy stones to the Forbidden City in the 15th and 16th centuries. For example, when planning the transportation of huge stones for the construction of the Forbidden City around 1596 there were debates over whether to use sledges or wheeled vehicles (see the translation of ref. 7 in SI Materials and Methods), which has not been noted in the modern literature (3) (4) (5) . Although transportation with sledges required many more hired peasants and much more time and money than that with mulepowered wheeled vehicles, the sledges were a safer and more
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See Commentary on page 19978. 1 reliable method for the huge stones, whose mining had already been expensive (7) . In fact, we argue that the sledges were needed for the huge stones, which were beyond the load capacity of the wheeled vehicles of that time (up to 95 tons by 1596, SI Materials and Methods). Lubrication played a critical role to make this transportation with sledges possible.
There are two typical lubrication methods to reduce friction when a sliding sledge is used: sliding with the aid of a lubricant and movement with the aid of rollers. Typical examples using different lubrication methods for transporting heavy objects with sliding sledges are listed in Table 1 , where μ is the coefficient of kinetic friction estimated from the known data in the table (Materials and Methods), m is the mass of the object, and s is the distance of transport.
We include in Table 1 (case 2) data from experimental results from sliding a fifth-century sledge (9), which was reproduced in 1978. Although the value of μ for rolling in case 2 is slightly lower than that for sliding in case 1, it is difficult to control the advancing direction with log-roller-aided sliding when the moving route is not straight (10) , because the log rollers will be left behind the advancing sledge and so need to be relocated to the front and aligned normal to the advancing direction all along the transportation route. Also, the application of log rollers, similar to the application of wheeled vehicles, would be limited by the condition of the road (3, 7), such as its flatness and ability to support the load.
It should be noted that the value of μ for log rollers rolling on a dirt road in the ancient case (case 2) was much higher than that of steel rollers rolling on steel tracks in modern cases, such as case 5 (11) , as a consequence of the strength of the contact materials. The estimated values of μ for the heavy transportation of case 2 and case 5 can also be verified by the experimental results for transporting a 30-ton stone with a duplicated fifth-century sledge (12) , where μ = 0.2-0.4 for the case of the log rollers directly rolling on the ground and μ = 0.02-0.04 for the case of the log rollers rolling on the rails of wooden rods. Therefore, given the sledge-on-ice transport over the long distance of 70 km (case 3), lubricated sliding should have been more practical and reliable for the heaviest of loads than rolling in ancient times, which may be the reason that the Chinese chose sliding instead of rolling.
Sliding on Ice
Another important reason for the Chinese to adopt the sliding sledge is that wood-on-wood sliding could be substituted with wood-on-ice sliding, where the ice layer on a road provides sufficient hardness and flatness instead of the wooden planks laid on the ground, as in the ancient Egyptian case (1) (case 1 in Table 1 ). Compared with the warm weather in Egypt, northern China has a frozen winter with the natural possibility for formation of ice, the advantages of which have been demonstrated by many applications in the far northern areas, such as Scandinavia, Russia, and northern Canada (13) (e.g., case 4 in Table 1 ; Materials and Methods). Because the transportation of the enormous stones to the Forbidden City took place in late December after the winter solstice (7) (December 22 ± 1 d) to the following January, the temperature conditions should have allowed an artificial ice path to be created on the ground. For example, the average temperature in Beijing in January was about -3.7 ± 0.5°C in the 15th and 16th centuries (Materials and Methods). Although there was no river or canal along the route for the transport (Fig. 1C ), wells were dug every half kilometer along the road for the water supply for watering and running the sledge, according to the statements we translated from a historical document (7) . These conclusions are consistent with the modern literature that pouring water on the ground provides an ice surface for transportation (4, 5) . In addition, the strength of an artificial ice path on the ground would be sufficient to support a sledge with a 300-ton stone. In support of this conclusion we cite the latest successful case of moving an entire 1,200-ton building of the Anda Railway Station (latitude 45°N) on an artificial ice path during the period from January 14 to February 4, 2013, in Heilongjiang Province, China (14) . Water can also be used as the lubricant in wood-on-ice sliding, and below we demonstrate that this water lubrication is an important factor that makes possible the transportation of the huge stones. Taking case 3 (7) as a typical example, we estimated the number of men n needed for towing a sledge with a 123-ton stone under different lubrication conditions (Materials and Methods), and the results are listed in Fig. 2 . The coefficient of friction μ is estimated with the data from typical examples in the literature (1, 12, 15) . Here we consider a reasonable estimate as n < 300 men, whereas the cases with n > 1,200 men are considered impractical (Materials and Methods). Obviously, the result of n > 1,500 men makes simple sliding without any lubrication ( Fig. 2A) impractical. Although the result of n = 354 men for the lubricated woodon-wood sliding (Fig. 2B ) is close to our criterion of n < 300 men, the same lubrication method will likely be unsuccessful when applied to transporting heavier stones, such as the Large Stone Carving of ∼300 tons.
Two different cases of ice lubrication are illustrated in Fig. 2 C and D. Although ice friction is usually very low, as shown in ice sports such as skating and curling, the coefficient of friction on ice varies from 0.01 to 0.43 as reported by the experimental results under different configurations (16) . The value of μ on ice is affected by many factors, including temperature, sliding velocity, materials, contact area, and roughness. The sliding velocity is a significant factor for temperatures <0°C (16). For example, the experimental results in ref. 15 showed that the value of μ between lacquered wood and ice at −10°C is 0.36 at 3 cm/s without a lubricating water film (Fig. 2C ) but is 0.03 at 5 m/s with the formation of a water film by frictional heating (Fig. 2D) ; in the far north, case 4 (13) in Table 1 is a typical case for dry wood-on-ice sliding.
The value of μ on ice at a low speed of several centimeters per second is also sensitive to the temperature. For example, the value of μ for dry wood-on-ice sliding at −4°C is μ ≈ 0.22 (15) . Here, regarding the average temperature of −3.7°C for the ancient Chinese case, we take the value μ ≈ 0.22 for the case in Fig. 2C , which is similar to that for lubricated woodon-wood sliding, and the resulting value of n of dry wood-onice sliding is also beyond the reasonable range of 300 men. Therefore, among all of the lubrication conditions in Fig. 2E , lubricated wood-on-ice sliding ( Fig. 2D ) should be appropriate for the transportation of a stone with a mass of 123 tons and above, and the generation of a lubricating water film is necessary for the transportation.
Lubricating Water Film
Based on the distance and the estimated time for the stones to be transported to the Forbidden City (case 3 in Table 1 ), we evaluate the average sliding speed of a sledge with a 123-ton stone to be 8 cm/s (Materials and Methods). This estimate indicates that the coefficient of kinetic friction should be similar to the static value of 0.2-0.4 according to the experimental results at different temperatures of ref. 15 . In addition, the high value of μ indicates that a water film could not be established spontaneously when pulling the sledge with the stone directly on the ice path (Materials and Methods). How, then, could lubricated sliding be accomplished?
We investigated whether a water film could be generated and maintained during transportation by methods other than frictional heating. Here we suggest that a lubricating film of water was created by directly pouring well water on the ice-covered ground to wet the contact surfaces during the movement of the sledge. As the sledge starts moving (SI Materials and Methods), the water poured in front of the sledge would lubricate the sliding surface, as is illustrated in ancient Egyptian bas-reliefs (1). In addition, although the sledge slides on the ice surface at a low speed of 8 cm/s, the value of μ could still be as low as that in the high-speed regime with poured water, because when a film of water is present the coefficient of static friction is very small, ∼0.02, at a temperature close to but still below 0°C (17) . Moreover, the maintenance of a lubricating water film is possible, because water would not completely freeze within 2 min (Materials and Methods), which was the time for the sledge to pass through a fixed point, at a temperature around -3.7°C in daytime; of course, heated water could be used to delay the freezing. Therefore, we conclude that water supplied from the wells was not only used to create the ice path before the sledge was started to move, but also was poured on the contact surfaces when the sledge was moving to further reduce the friction by generating a lubricating water film.
Conclusion
We have obtained answers to the three questions raised at the beginning: (i) Sliding was more reliable than wheeled vehicles and log rollers for such heavy-load, long-distance transportation; (ii) lubricated wood-on-ice sliding is more efficient than other lubrication methods, and it was feasible according to the weather conditions of Beijing's winter, which was cold enough to create an artificial ice path while still allowing a water film to exist for lubrication; and (iii) the lubricating water film makes the Chinese case different from the cases in the far northern areas with extremely low temperatures. The transportation of huge stones in 15th-and 16th-century China took full advantage of the natural properties of ice, such as sufficient hardness, flatness, and low friction with a water film, so it provides an early example of ice lubrication, which is a scientific area developed from the middle of the 19th century (18) (19) (20) and complements current studies of the high-speed regime relevant to competitive ice sports (16) .
Materials and Methods
The Coefficient of Friction μ in Table 1 . The value μ = 0.23 for case 1 is the result estimated by ref. 1, which matched well with the typical value of 0.2 of wet wood-on-wood sliding, so that the typical values of μ for the other cases in the table are estimated with the same method as described in ref. 1 to facilitate comparison. Here μ is estimated with μ = F/mg, where the towing force F = nf was estimated based on the mean traction force of f = 800 N per man and the number of men n, and the gravitational acceleration g ≈ 10 m/s 2 . Case 4 is an exception, which is discussed in detail below with respect to ice friction of the far north case.
Criteria for a Reasonable Number of Men for Hauling a Sledge. In Fig. 2 , the number of men n is estimated with n = F/f = μmg/f. There were examples of pulling heavy sledges in both ancient bas-reliefs and modern experiments in which a team of up to 300 men were pulling [e.g., 172 men (1) for the ancient Egyptian case 1 in Table 1 ]. With regard to the 1978 experiments performed with a reproduced fifth-century sledge in Japan (9), a team of 300 men successfully pulled the sledge with a 14-ton stone on a dry riverbed, where at first a team of 200 men was prepared but failed. Three hundred men were thought too many to be acceptable for the transport process, but 36 men were considered reasonable for pulling the 14-ton stone with the aid of log rollers (case 2 in Table 1 ). In addition, as stated in ref. 1, the requirement for 1,200 men to pull a huge stone is considered impractical for an ancient Egyptian case. Regarding the long distance of 70 km and the long duration of 28 d in the ancient Chinese case, the organization of the masses of men and the efficiency of the total pulling force should also be taken into account. Therefore, we consider a reasonable estimate as n < 300 men, whereas the cases with n > 1,200 men are considered impractical.
Beijing's Winter Weather Conditions. According to the documented average temperature of the winter half-year in China during the last 2,000 y, the 15th and 16th centuries were between the warm epoch (570s-1310s) and the cold trough (1650s-1670s), and the fluctuation of the average temperature in this period was within ±0.5°C of the present value (21, 22) . Based on the data in 1971-2000, the average temperature of Beijing in January is -3.7°C, with an average minimum temperature of -8.4°C and an average maximum temperature of 1.8°C. Many lakes in Beijing freeze in winter, and the thickness of the ice cover can be >15 cm; people can skate safely from the end of December through January.
Sliding Speed of the Sledge with a 123-Ton Stone (Case 3 in Table 1 ). For calculating the sliding speed U, we need to estimate the time t used first. Although it took 28 d to finish the s = 70-km distance (7), the actual time for the movement is unknown owing to the lack of illumination after sunset in ancient times. We suppose the stone was moving 8.5 h/d based on the typical sunrise and sunset times (0730-1700 hours) in January in Beijing, with 1 h reserved for preparations and auxiliary work. Consequently, we estimate a total transport time of t = 238 h over 28 d. This can be verified by t = μmgs/ np = 243 h, with the average power of a man p ≈ p horse /10 = 64 W per man, where the average power of an average draft horse p horse ≈ 0.86 horsepower ≈ 640 W (23). We subsequently obtain U = s/t ≈ 8 cm/s with t ≈ 240 h, and it is in the low-speed regime of ice lubrication.
Ice Friction of Transporting the 123-Ton Stone (Case 3 in Table 1 ). This case is in the low-speed regime of ice friction, because U ≈ 8 cm/s. Ice can melt to produce lubricant itself, so the friction mechanism can be complicated. When mixed lubrication exists, the coefficient of friction can have a wide range of values (24) . However, when a film of water with a thickness of ∼70 μm was present (17) , the coefficient of kinetic friction μ was generally about 0.02-0.03 (15) , and even the coefficient of static friction became very small, ∼0.02, at a negative temperature close to 0°C (17) . Consequently, here we suppose that a lubricating water film is established, and then investigate the possibility of maintaining the thin film of h ≈ 70 μm when μ ≈ 0.03. The water-lubricated wood-on-ice sliding is then simplified to an unsteadystate one-dimensional conduction problem with a constant surface temperature T 0 = 0°C (SI Materials and Methods). Supposing the length of the sledge was l = 9.6 m, which is the same as the length of the huge stone, the time for the whole sledge to pass through a fixed point, that is, the contact time, t l = l/U ≈ 120 s. The results of the estimate indicate that the frictional heating is not sufficient to compensate the total heat loss, which includes the heat diffusing into the wood sledge and into the ice surface and the heat melting the ice surface to maintain a water film of 70-μm thickness. Therefore, when pulling the sledge with the stone directly on the ice-covered ground in a low-speed regime at several centimeters per second, an effective lubricating water film may not be established spontaneously. This conclusion is consistent with Bowden's experimental results in the low-speed regime (15) . Table 1 ). In the far north case, several sledges loaded with mining equipment of a maximum load m = 28 tons were dragged by a track-type tractor with a crew of four men in a temperature of -55°C, traveling s = 212.4 km (132 miles) in 10 d in 1934 (13) . Assuming that the sledges were moved continuously in the 10 d with the four men driving alternately, we obtain that the time for the sliding t = 240 h and the average speed U of the sledges was U = s/t ≈ 25 cm/s, which is far below the high-speed regime (5 m/s) (15) . Regarding the extreme low ambient temperature of -55°C, a heat transfer model of an unsteady-state one-dimensional problem with a constant heat flux input is applied to the wood-onice sliding (SI Materials and Methods). The frictional force F = μmg is considered as the total heat produced per unit displacement (joules per meter) (24) , so that the heat produced by F is Q F = Fl, where l is the length of the contact area. During the contact time t l = l/U, the heat flux q F = Q F /t l = FU at the ice surface generated by the frictional force is considered constant. The results of the estimate indicate that the frictional heating is not sufficient to heat the ice surface to 0°C, so that no water film will be generated between the sledges and the ice surface; in this case the experimental results of the dry wood-on-ice sliding μ ≈ 0.36 from ref. 15 is used. To verify the value of μ, we calculate the power needed for the transportation P = μmgs/t = 24.8 kW, which could be realized by a common tractor in the early 1930s, such as the Caterpillar Sixty (25) with rating power of 26 kW (35 horsepower) at the drawbar.
Ice Friction of the Far North Case (Case 4 in
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The Forbidden City and the Heavy Stones. The Forbidden City (i.e., the current Palace Museum), with an area of 753 m × 961 m, was first built during 1406-1420; some palaces were rebuilt after fire accidents in the 15th and 16th centuries (1) . The stone carvings used in the construction were white marble stones (∼2,500 kg/ m 3 ), which were mined and transported from the Dashiwo quarry in Fangshan over 70 km away [140 Li (2); 1 Li ≈ 500 m]. Both sliding sledges and wheeled vehicles were used to transport the heavy stones, as we learned from the ancient Chinese information recorded in ref. 3 , only some of which is found in modern Chinese literature (1): (i) The three halls in the outer court were rebuilt in 1557-1562, where the heaviest stone with a size of 9.6 m × 3.2 m × 1.6 m (∼123 tons) was transported in 28 d to the site with a sliding sledge hauled by men (case 3 in Table 1 ), and wells were dug every 1 Li along the road for the water supply for watering and running the sledges and (ii) the two palaces in the inner court were rebuilt during 1596-1598, and wheeled vehicles were used in the transportation of heavy stones. The heaviest stone weighed about 95 tons (160,000 Jin; 1 Jin = 593.1 g) and was transported in 22 d to the site with a 16-wheel vehicle hauled by mules. The dates of the two rebuildings were consistent with the information in the official Chinese history of the Ming Dynasty (4).
Large Stone Carving. The description of the Large Stone Carving on the introduction board in the Palace Museum is as follows:
It is the largest stone carving in the palace, 16 .75 meters long, 3.07 meters wide, and 1.7 meters thick, and weighs more than 200 tons, hence the name Large Stone Carving. It was carved out of a huge natural stone in the early Ming Dynasty, when the three main halls were constructed. In 1761 (the 26th year of the Qianlong reign period of Qing Dynasty), the old patterns on the stone were all hewn away, and new patterns were carved. . . . The stone was quarried from Dashiwo in Fangshan in the western suburbs of Beijing. It was transported to the Palace Museum by sprinkling water on the way in winter to make an iced road. Then it was pulled all the way to the Palace Museum along the iced road.
The Large Stone Carving weighs more than 200 tons according to its current size of 16.75 m × 3.07 m × 1.70 m. It had a size of 17.18 m × 3.20 m × 2.08 m (∼280 tons) before it was recarved in 1761, so it is commonly believed to have been more than 300 tons before carving when it was first transported to the site in 1407-1420 (5). Obviously, the Large Stone Carving was much larger than the heavy stones transported for the rebuildings in 1557-1562 and 1596-1598. However, in some modern literature (6, 7) information about the transport during the three periods was mixed up.
Wheeled Wagons and Their Load Capacity. In the 15th and 16th centuries, four-wheeled wagons were widely used in transporting heavy loads around 3.5 tons (described in detail in ref. 8) . Eightwheeled wagons were developed around 1538 for transporting stones for the construction of the Ming Tombs (9) . During the rebuilding of the two palaces in 1596-1598, as we learned from the ancient Chinese recorded in ref. 3 , at least 100 four-wheeled wagons and 20 improved eight-wheeled wagons were hired for transporting the stones, and a 16-wheeled wagon was then specially developed for huge stones that previously were transported by sliding sledges, which indicates that the huge stones, at least the heaviest one of 95 tons, were beyond the load capacity of the eight-wheeled wagons. Therefore, the 123-ton stone transported around 1557 and the 300-ton Large Stone Carving transported around 1407-1420 were well beyond the load capacity of wheeled wagons at the time of the transport.
In addition, transportation with mule-powered wheeled wagons was described (3) as labor-saving, time-saving and low-cost, but it had significant risks of accidents, such as broken wheels, injury to mules, and subsequent damage to the valuable stones being transported. Also, the maintenance of the roads to achieve sufficient flatness and hardness for transportation had been emphasized to avoid accidents (3).
Ice Friction of the Far North Case (Case 4 in Table 1 ). In the far north case, sledges loaded with mining equipment of a maximum load m = 28 tons were dragged by a track-type tractor with a crew of four men in the ambient temperature of T a = −55°C and traveled s = 212.4 km (132 miles) in 10 d in 1934, according to the statement in ref. 10 .
Here, we consider heat transfer for the wood-on-ice sliding, which is simplified to an unsteady one-dimensional conduction problem with a constant heat flux input induced by the frictional heating (Fig. S1A) . The variation of the temperature at the contact surface and the possibility of local melting are investigated. Because of a lack of other detailed information, we make the following assumptions:
(i) The dimension of the sledge. We assume that the sledge has a length of l = 4.5 m and a width of w = 3 m, which are typical dimensions of a track-type tractor weighing around 30 tons (e.g., for mining operations) (11) . The contact area is A = lb, where the width of the contact area is considered as b = 0.2w = 0.6 m as a common sledge. (ii) The sliding velocity of the sledge. Assuming that the sledges were moved continuously in the 10 d with the four men driving alternately, we obtain the time for the sliding t = 240 h, so that the average sliding speed of the sled was U = s/t ≈ 25 cm/s. (iii) The temperatures. The original temperature of both the wood sledge and the ice-covered ground are considered uniform T i = −55°C, because of the ambient temperature −55°C. To generate the lubricating water film, the temperature of the ice surface T should first be heated to 0°C, and then maintained at T = 0°C until the ice at the surface melts to liquid water, owing to the frictional heating. (iv) The heat flux at the contact surface generated by the frictional force. When the sledge is sliding at a constant velocity, the frictional force F = μmg can be considered as the total heat produced per unit displacement (joules per meter), where μ is the coefficient of the friction and g ≈ 10 m/s 2 is the gravitational acceleration. Then, the total heat energy produced by the frictional force is Q F = Fl. Because the value of μ varies from 0.01-0.43 as reported for experimental results in different sources (12) , the maximum energy dissipated that could be produced is Q F ≈ 5.42 × 10 5 J at μ ≈ 0.43. (v) The heat transfer model. The ice-covered ground is considered as a semi-infinite solid, and the heat flux q F = Q F /t l at the ice surface generated by the frictional force is considered constant during the contact time t l = l/U (13).
According to an energy balance, during the contact time heat produced by the frictional force Q F is equal to the sum of the heat diffusing into the ice-covered ground Q ice and into the wood sledge Q wood , and the heat melting the ice Q melt , shown as
[S1]
In Eq. S1, Q melt remains 0 until the temperature at the contact surface reaches 0°C. The thermal diffusivity of wood α wood ≈ −50°C) , hence we neglect Q melt and Q wood in the estimates below. Therefore, we suppose that all of the heat produced by the frictional force is diffusing into the ice to raise the temperature of ice, so that
where the heat conductivity of ice k ice ≈ 2.76 W/(m·°C) at around −50°C. Therefore, we obtain the temperature at the ice surface can be heated by the frictional heating is T ≈ −29°C, which indicates that the wood-on-ice sliding in the far north case is in the dry lubrication regime. Although we could not predict the exact value of μ with the limited information about the case, here we estimate μ ≈ 0.36 based on the experimental results of ref. 14, which is measured under the wood-on-ice sliding with a speed of 3 cm/s at −10°C.
Ice Friction of the Ancient Chinese Case (Case 3 in Table 1 ). In the ancient Chinese case, sledges loaded with a huge stone of m = 123 tons were dragged by a team of men in the ambient temperature of T a = −3.7°C, traveling s = 70 km in 28 d in 1557, according to the statement in ref. 3 . Because it is estimated that the sliding velocity of the sledge U = s/t ≈ 8 cm/s, the case was in the low-speed regime, which indicates that a lubricating water film could not be effectively established by the frictional heating according to Bowden's experimental results (14) . This conclusion can be verified by the following analysis of heat transfer in sliding. Because ice can melt to produce lubricant, the coefficient of friction is affected by many factors and varied from 0.01-0.43, as reported for experimental results in different sources (12) . However, with the formation of a lubricating water film, the value of μ for wood-on-ice sliding in the high-speed regime (meters per second) is generally about 0.02-0.03 (14) . Consequently, here we first suppose that a lubricating water film is established, and then investigate the possibility of the maintenance of the thin film with μ ≈ 0.03.
The water-lubricated wood-on-ice sliding is simplified to an unsteady one-dimensional heat conduction problem with a constant surface temperature T 0 = 0°C (Fig. S1B) , because the thin water film exists at the contact with the ice. The problem is solved with the following assumptions:
(i) The dimension of the sledge. We assume that the sledge has a length of l = 9.6 m and a width of w = 3.2 m, which are the same dimensions as the huge stone being transported ( According to an energy-balance Eq. S1, the heat produced by the frictional force should be able to overcome the heat diffusing into the ice-covered ground and the wooden sledge and melt the ice surface. The heat melting the ice surface per unit area to a water film of h ≈ 70 μm should be Q melt /A = L w ρ water h ≈ 2. The heat diffusing into the wooden sledge (or the ice-covered ground) per unit area from τ = 0 to τ = t is
and the heat transfer rate per unit area at the contact surface is
where k is the thermal conductivity and α is the thermal diffusivity. Eq. S5 can be obtained according to Eqs. S3 and S4 as
Consequently, the heat diffusing into the wooden sledge per unit area Q wood in t l = 120 s can be calculated based on Eq. S5, with the characteristics of wood k wood ≈ 0.1 W/(m·°C), α wood ≈ 1.41× 10 Table 1 ). The lubricating water film between the wooden sledge and the ice-covered ground will not freeze completely within the contact time of t l = 120 s according to the following estimates.
Here, we considered the thickness of the layer of the pouring water is h water = 700 μm, which is 10 times the thickness of the thin water film generated by frictional heating h = 70 μm (15). The heat released per unit area owing to the phase transformation from water to ice is Q pt /A = L w ρ water h ≈ 2.34 × 10 . The result indicates that the thin water film will not freeze within 2 min even without including the heat released by the frictional heating.
The "Getting-Started Problem" of the Sledge Sliding on Ice in the Ancient Chinese Case. In this work, we have mainly focused on the kinetic friction of the ice lubrication in the low-speed regime for heavy-load transportation over a long distance of 70 km. Here are some considerations related to the "getting-started problem" of the sledge.
Regarding the coefficient of the static friction of sliding on ice, it is usually much higher than that of the kinetic friction, although it can became very small with a value around 0.02 at a temperature close to but less than 0°C when a film of water was present (15) .
However, in the ancient Chinese case, the sledge may not get started directly on the ice surface, because it is impractical to park the sledge on the ice-covered ground directly at the end of the day, which will cause the sliding surface to freeze to the ground, after which it would be very hard to restart again. Although we have not found in the literature how the ancient people solved the problem, it is a reasonable solution to park the sledge with the huge stone on planks or small rollers to prevent the sliding surface from freezing to the ground, because this is what modern drivers are instructed to do in cold winter (16, 17) . More effort and more workers may be needed to park and restart the sledge, but the force needed should be significantly smaller than that needed to separate the frozen sledge from the ice-covered ground. He was assigned to be in charge of the reconstruction. Mr. He realized that the reconstruction was very important, and the amount of work and the cost was enormous. At the beginning of the planning, he felt so much work was involved in the project that it was hard to make a comprehensive plan for it. So he reviewed all of the related documents about the constructions, which were finished in the past, as his references. However, many documents were lost, which made him anxious. Then he found the memorials since the reconstruction of the three halls in the outer court in the 36th year of Jiajing, [The 36th year of Jiajing is A.D. 1557. The three halls of the outer court of the Forbidden City, which are currently named the Hall of Supreme Harmony (Taihe Dian), Hall of Central Harmony (Zhonghe Dian), and Hall of Preserving Harmony (Baohe Dian), burned down in an accidental fire, and reconstruction was completed in the 41st year of Jiangjing (A.D. 1562).] which were kept in the Ministry of Works, to read and make detailed notes.
The reconstruction of the two palaces of Qianqing and Kunning were started on July 10th, the 24th year of Wanli, and completed on July 15th, the 26th year.
The huge stones used in the reconstruction of the three halls in the outer court were mined from the Dashiwo Quarry.
The huge stones, which were used along the central way of the three halls, had a length of 3 Zhang, width of 1 Zhang and thickness of 5 Chi. [The unit of length 1 Zhang = 10 Chi ≈ 3.2 m.] Sledges were made and hauled by hired peasants to transport these stones, and 20,000 men from eight districts were hired and involved in the entire transportation. Two officers were in charge. Wells were dug every 1 Li [In the Ming Dynasty 1 Li = 180 Zhang ≈ 576 m, usually it is estimated as 1 Li ≈ 500 m.] to supply the water for watering and running the sledge, and also for drinking water. It took 28 d for the stones to be transported to the Forbidden City, and the total cost was more than 110,000 taels of silver. [A tael of sliver was a unit of currency in ancient China.] When planning the transportation of the huge stones for the reconstruction of the two palaces, Mr. Jingchen Liu had suggested following the previous method of transportation and hiring masses of men from five districts nearby. However, Mr. Shengrui He adopted Mr. Zhiyi Guo's suggestion, which was to develop 16-wheeled wagons for transportation. There were 1,800 mules involved in towing all of the wagons, and it took 22 d to transport the stones to the Forbidden City, and the total cost was less than 7,000 taels of silver.
According to the information provided by Mr. Zhiyi Guo, the government prepared 100 four-wheeled wagons. ... As for improved eight-wheeled wagons, there were only three kept at the gate of Xihuamen at that time, and 17 more were manufactured at a cost of 50 taels of silver per wagon. If these wagons were still not enough, more wagons could be prepared when needed.
After the winter solstice, it was the coldest time with cold weather and hard ground, so that it was the best time for the transportation of the huge stones.
Regarding payment for the transportation of the huge stones, the stones with a volume less than 22 Zhang [The unit of volume 1 Zhang ≈ 0.33 m 3 (2) .] were counted as per day per mule, and the price was already proved. However, there were many huge stones with a volume above 22 Zhang and up to 80-90 Zhang. If the transportation work was assigned as a duty to ordinary men or recruited people, they could not afford the loss when there was an accident in transit. Therefore, some officers were assigned to take care of transporting the stones with a volume from 40 Zhang up to 90 Zhang, and the hired men were paid as per day per mule. If there were accidents such as broken wagon wheels or wounded mules, the officers could deal with the corresponding compensation.
Maintenance of the road was necessary. There were several huge stones, some of which weighed 150,000-160,000 Jin as a single piece, and some weighed more than 100,000 Jin. The cost of mining such stones was more than 1,000 taels of silver each. If the road is not sufficiently flat and hard, damage to the wheeled wagons and subsequent damage of the stones would likely happen. Therefore, the road should be properly maintained to sufficient width, hardness and flatness to ensure the accomplishment of the transportation on time. 
